ABSTRACT: Intramuscular fat depot is of major interest for consumers, producers, and the industry. To predict intramuscular (i.m.) lipid deposition in cattle of continental breeds, different models were constructed for different muscles in bulls, steers, and cows. Two independent databases (DB1 and DB2) were developed with homogeneous individual data collected in the same slaughterhouse and total lipids, phospholipids, and triglycerides were analyzed in the same lab with the same procedures. Database DB1 was used with the meta-analysis methodology to fit the predictive models of i.m. lipids, phospholipids, and triglycerides with carcass fatness. Database DB2 was used to evaluate the accuracy of the models predicted. Total lipid and triglyceride contents varied linearly with carcass fatness in bulls, steers, and cows, but phospholipids were more independent of carcass fatness, regardless of the type of cattle studied. In bulls, LM had a lower minimal value (intercept in the model) and greater slope than semitendinosus (ST) and triceps brachii (TB) muscles. In cows, LM showed a greater intercept than ST and TB muscles but a similar slope. In steers, lipid content increased similarly in LM, rectus abdominis (RA) muscle, and ST muscle with carcass fatness. Bulls had a lower intercept than steers but showed a similar trend with carcass fatness. According to the external evaluation using DB2, the models obtained to predict total lipids in LM were more accurate than those obtained in the ST muscle in bulls and cows and in the RA muscle in steers. The models proposed for cows should be used only in the range of carcass fatness used to fit the equations, and further data are needed to fully validate them.
INTRODUCTION
In the last decades, intense research has been performed on factors affecting beef cattle intramuscular (i.m.) fat content and the biological mechanisms that regulate lipid deposition (Hocquette, 2010) . Managing i.m. lipid content is a major issue for beef production. In the United States and Asia, the amount of visible fat is a positive quality criterion , whereas in European countries, it is considered unhealthy (Wood et al., 2008) , although a minimum content is required for juiciness and flavor .
Mechanistic and dynamic models have been constructed to predict protein and lipid content in different body compartments of beef cattle (Oltjen et al., 1986; Hoch and Agabriel, 2004; Garcia et al., 2008) . Recently, meat characteristics have been modeled (McPhee et al., 2009; Schreurs et al., 2010; Blanco et al., 2013) . McPhee et al. (2009) modeled i.m. lipid content without taking into account factors that strongly affect the content, such as muscle or breed (Nishimura et al., 1999; Jeremiah et al., 2003; Gotoh et al., 2009 ).
In the model constructed by Hoch and Agabriel (2004) , metabolic energy intake determined lipid deposition in carcass and noncarcass tissues, which include viscera, but i.m. lipid content was not explicitly represented. To predict lipid content in different muscles, parameters have to be calculated and independent variables have to be chosen. To estimate these parameters, meta-analyses offer a methodology for parameter estimation that is precise and applicable to a broad range of conditions (Sauvant et al., 2008) . Also, the pattern of variation of phospholipids, structural lipids of the membrane cells, and triglycerides, which are accumulated in adipocytes, may be different and may be considered together with i.m. lipids.
The aim of this study was to determine how total lipid, phospholipids, and triglyceride contents of different muscles varied according to carcass fatness in bulls, cows, and steers. Total lipid content and its components in bulls and steers were also compared.
MATERIALS AND METHODS
Data used in the current study were obtained from previous experiments; therefore, Animal Care and Use Committee approval was unnecessary.
Databases
Two databases were used, one for the meta-analyses (DB1) and the other for the external evaluation of the models obtained in the meta-analyses (DB2). Both databases contained individual data obtained from experiments conducted in the Herbivore Research Unit of the INRA, Saint-Genès Champanelle, France, and its own experimental slaughterhouse. The first database (DB1) contained individual data of 4 continental breeds obtained from 22 experiments (Table 1) . The second one (DB2) contained 10 experiments (Table 2) conducted on 6 breeds, including the 4 of DB1. The number of observations ranged from 1,007 to 1,225 (DB1) and from 212 to 425 (DB2).
Databases DB1 and DB2 included individual values of i.m. total lipids (g/kg fresh matter), phospholipids (g/kg fresh matter), triglycerides (g/kg fresh matter), muscle, breed, type of breed (beef vs. nonbeef), sex, age (d), slaughter BW (kg), adult BW (kg), degree of maturity (slaughter BW/adult BW), HCW (kg), carcass fat (kg), and percentage of fat in the carcass estimated at slaughter from the sixth rib dissection and weight of offal fats (Robelin, 1986a) . Total i.m. lipids, phospholipids, and triglycerides were analyzed as described in Bauchart and Thomas (2010) .
Data Investigation and Preliminary Graphical Analyses
Data used in the meta-analyses were graphically represented for each experiment, muscle, sex, and breed using carcass fatness (%) as the independent variable. To determine whether fat deposition varies over time, it is useful to express data as proportion of total carcass fat that develops within various depots (Pethick et al., 2004) . The intraexperiment relationships between the dependent variables and carcass fatness were also plotted as suggested by Sauvant et al. (2008) . Data used for the validation were also plotted for each sex and muscle using carcass fatness as the independent variable.
Statistical Models
Data were analyzed using mixed models (PROC MIXED, version 9.1.3; SAS Inst. Inc., Cary, NC) using REML estimation to obtain the variance components. The degrees of freedom used for testing were adjusted with the Satterthwaite correction to account for possible unequal number of observations (Kaps and Lamberson, 2009) .
A first set of analyses was performed with data for all muscles and breeds, separately for bulls (LM, semitendinosus [ST] muscle, and triceps brachii [TB] muscle), females (LM, ST muscle, and TB muscle), and steers (LM, rectus abdominis [RA] muscle, and ST muscle). The effect of muscle on total lipid, phospholipids, and triglyceride contents was studied. A second set of analyses compared the effect of sex (bulls vs. steers) in LM and ST muscles using only data from Charolais males. Female data were not used in this comparison due to the lower number of data compared with males and because the carcass fatness ranges differed between them (Fig. 1) .
The fixed effects of the statistical model were muscle or sex (categorical), with carcass fatness (%) as the covariate predictor variable. The initial model tested for linear, quadratic, and cubic effects of carcass fatness (%) and their possible interactions with muscle or sex. Terms that were not significant were removed from the model, and the analyses were repeated. Experiment was always included as a random effect because its removal can lead to biased probability estimations (Sauvant et al., 2008) . The statistical model included the random intercept; linear, quadratic, and cubic effects; and a possible covariance between them (SAS option: type = un). If the covariance parameter was not correlated, it was removed from the model and the analyses were repeated.
The normality of the residues of total lipid, phospholipids, and triglyceride contents was tested with the Shapiro-Wilk test, appropriate for analyses with fewer than 2,000 observations. Normality could not be verified for any of the parameters. Normality of the residues was, therefore, achieved with analyses performed on log-transformed data; the fitted equations (quadratic and cubic effects not displayed here) were
in which ln(Y ijk × 10) is the dependent variable, B 0 is the overall intercept, E i is the random effect of the ith experiment, τ j is the fixed effect of the jth level of factor τ, B 1 is the overall regression coefficient of Y on X, B j is the effect of the jth level of the discrete factor τ on the regression coefficient, b i is the random effect of the ith study on the regression coefficient, and e ijk is the residual errors, assuming independent and identically distributed N(0, σ e 2 ). This transformation was maintained in the final models.
Postoptimization analyses were run to study extreme values. Studentized external residuals, leverage, Cook's distance, the COVRATIO statistic (SAS), and DFFITS were obtained (influence) for each datum. Also, data with high leverage and influence were studied. If a datum had high leverage and influence and its deletion improved the Akaike information criterion 1 Au = Aubrac; Ch = Charolais; Li = Limousin; Sa = Salers.
2 RA = rectus abdominis; ST = semitendinosus; TB = triceps brachii. and the Bayesian information criterion of the model, it was deleted from the database. The statistical analyses were repeated with the definitive database.
Evaluation of the Models
The models were evaluated internally and externally. To measure the predictive accuracy of the models, the mean square error of prediction and mean bias were obtained (Tedeschi, 2006) . The definitive models obtained for each muscle and sex were used to study accuracy of the predictions with DB2 data that had not been used to construct the models (Table 2 ). For each model, the predicted values were regressed on the observed values. The intercept and regression coefficient of the regression were calculated as they are good indicators of accuracy (Tedeschi, 2006) . The root mean square of error (RMSE) was also obtained. Mean squared deviation and its components were calculated as they are considered complimentary to regression parameters (Gauch et al., 2003) or better suited to model evaluation than correlation-regression analyses (Kobayashi and Salam, 2000) . Mean squared deviation indicates the overall deviation of the model output from the measurement (Kobayashi and Salam, 2000) . Squared bias denotes translation, nonunity slope the rotation, and lack of correlation of the scatter in the prediction (Gauch et al., 2003) .
RESULTS

Variation of Total Lipid, Phospholipid, and Triglyceride Contents in Muscle with Carcass Fatness
According to the Muscle in Young Bulls, Steers, and Cows. Total i.m. lipid contents increased with carcass fatness regardless of breed in all 3 muscles studied in bulls, females, and steers (Fig. 2) . The intercept (i.e., the minimum of the variable for an animal) and regression coefficients differed among muscles (Table 3 ). In bulls, LM had a lower intercept than ST and TB muscles (P < 0.001). The ST muscle had the lowest, the TB muscle was intermediate, and the LM had the greatest regression coefficients (P < 0.001). In cows, lipid content tended to vary differently in LM compared with ST and TB muscles (P < 0.10), which had similar regression coefficients but different contents (P < 0.001). In steers, lipid contents increased with carcass fatness similarly in all 3 muscles. Longissimus muscle had greater lipid content than ST and RA muscles (P < 0.001), which had similar contents.
Phospholipid contents did not change with carcass fatness in bulls, cows, or steers (Fig. 3) , except for the ST muscle in bulls (Table 3 ). In bulls, the ST muscle had a greater phospholipid content than the LM, whereas the TB muscle had an intermediate content (P < 0.001). In females, the TB muscle had the greatest, the ST muscle was intermediate, and the LM had the lowest phospholipid content (P < 0.001). In steers, the ST muscle had greater phospholipid content than the LM and RA muscles (P < 0.001). However, all the phospholipids differences between muscles were small (<1.0 g/kg fresh matter).
The evolution of triglyceride content with carcass fatness was similar to that of total lipids. In bulls, the intercept was similar among muscles (Table 3) , but the ST muscle had the lowest content, the TB muscle was intermediate, and the LM had the greatest content (P < 0.001). In females and steers, triglyceride contents increased with carcass fatness similarly in all 3 muscles studied. In females, the TB muscle had the greatest intercept, the LM was intermediate, and the ST muscle had the lowest. In steers, the LM had a greater intercept than the ST muscle (P < 0.01).
According to Sex in Charolais Males within LM and Semitendinosus Muscle. Total lipid content was affected by sex (P < 0.05) and carcass fatness (P < 0.001) in LM and ST muscles (Table 4) . In both muscles, steers had greater total lipid content than bulls and a similar increase with carcass fatness (Table 4) . Phospholipid content did not vary with sex in any of the muscles studied nor did it change with carcass fatness (%) in the LM, but it decreased slightly with carcass fatness in the ST muscle (P < 0.01). There was an interaction (P < 0.01) between sex and carcass fatness (%) for triglyceride content in the LM. Bulls had lower intercepts than steers (P < 0.001), whereas the rate of deposition in bulls was greater than in steers (P < 0.01). In the ST muscle, triglyceride content was affected by sex, with steers having greater content than bulls, but both showed similar increases with carcass fatness (P < 0.001).
Model Evaluation
Internal Evaluation of the Models. The models obtained for the LM had lower mean square errors of prediction than those obtained for the other muscles, so they were more precise ( Fig. 2 and 3 ). In addition, the models obtained for the phospholipids and lipids had lower mean square errors of prediction than those obtained for the triglycerides. The mean bias of the models was close to zero, ranging from -5.0 × 10 -1 2 to 6.0 × 10 -12 for the total lipid, 
Parameters within a column and estimate with different letter differ (P < 0.05).
1 RA = rectus abdominis; ST = semitendinosus; TB = triceps brachii.
*Not different from 0.
from -3.8 × 10 -3 to 5.4 × 10 -12 for phospholipids, and from -4.9 × 10 -12 to 1.3 × 10 -12 for triglyceride models. External Validation. According to the intercept and regression coefficient, the models for the LM were more accurate than those for the ST muscle in bulls and cows and those for the RA muscle in steers (Table 5) . Also, the models tested for the lipids were more accurate than those for triglyceride and phospholipid contents.
In the bulls, RMSE (Table 5 ) and mean squared deviation (MSD) were greater (Fig. 4) for the i.m. lipids model for the LM than for the ST muscle. Most of the deviation in both muscles (above 88%) was due to the variability of data (lack of correlation). Squared bias, which represents the translation of data, was near 12% in LM and 7% in ST muscle.
In the LM and ST muscles of females, RMSE (Table 5 ) and MSD (Fig. 4) were lower for the phospholipid models than for the lipid and triglyceride models. Most of the deviation in the models was due to lack of correlation (above 76%) except for total lipids and triglycerides in the ST muscle, where it was due to translation (69 and 83%, respectively).
In steers, the RMSE (Table 5 ) and MSD (Fig. 4 ) of the models of phospholipids were lower than those of lipids and triglycerides in both muscles. In the lipid and phospholipid models, more than 77% of the variation was due to scatter in both muscles. In the triglyceride models in the LM and RA muscle, 59 and 63% of the deviation was due to the variability of data, 38 and 23% of the deviation was due to translation, and 3 and 14% was due to rotation, respectively.
DISCUSSION
Interest of a Meta-Analysis to Model Intramuscular Lipid
Using a meta-analysis approach in this study had several effects on the results obtained and was considered appropriate because meta-analysis manages data from various experiments. In our study, fitted equations were obtained with individual raw data instead of published least squares means, which meta-analyses most often use (Sauvant et al., 2008; Viechtbauer and Cheung, 2010) . This approach allowed the correction of possible subjective judgments made in the original analyses, particularly with the rejection of outliers, and handling of missing observations or algebraic formulations for models, as already pointed out by Finney (1995) . The deletion of extreme values should be done with caution to avoid misinterpretation of data (Kaps and Lamberson, 2009) or the construction of a faulty model (Sauvant et al., 2008) . However, in the current meta-analyses performed with raw data, the occurrence of an outlier should not be considered suspicious as it is in meta-analyses performed with means of treatments. Data with external Studentized residuals exceeding bounds ± 2 are commonly studied in meta-analyses performed on means of treatments (Viechtbauer and Cheung, 2010) . However, in the current meta-analyses, an observation was removed from the database only when it was influential and the Studentized external residual exceeded bounds ± 3 (Sauvant et al., 2008; Kaps and Lamberson, 2009) . However, results obtained should not differ considerably (Sauvant et al., 2008) between meta-analyses performed with raw individual data and those performed with treatment means. In the current study, access to the database of a single laboratory was important because of high variability of measurements. Data were obtained in the same conditions (method of lipid determination and sampling site in the muscle) in all the experiments. It was useful to fit response laws to the predictive variables because the variability related to the laboratory and the method of determination was the lowest possible.
Usually, i.m. lipid content is analyzed postmortem due to the difficulty in repeatedly sampling an animal during its lifetime to study lipid deposition. Therefore, it is not possible to measure and observe the true dynamics of lipid deposition. However, meta-analyses enabled the fitting of equations of lipid deposition in muscle with carcass fatness as the explanatory variable, because the treatment group becomes the statistical unit.
The evaluation of model adequacy is an essential step to indicate the level of precision and accuracy of the model predictions (Tedeschi, 2006) . The accuracy of the models obtained in the meta-analyses could be tested for only some of them because there was not a complete set of available data in the DB2 INRA database. Data from published studies could have been used, but carcass fatness (% of carcass weight) is not usually reported. Regarding the results of the validation procedure, it should be considered that the experimental effect was included in the construction of the model whereas it is not taken into account in the external validation. Also, data were log-transformed for the model construction. Therefore, internal model evaluation was performed with log-transformed values whereas the model evaluation with the external database was performed with raw data.
The lower the value of MSD, the closer the simulation is to the observed measurements; therefore, total lipid equations in the LM and ST muscle for bulls best predict the respective contents. Most of the deviation in lipid model in bulls in both muscles (above 85%) was due to the variability of data. The greater MSD of the LM relative to the ST muscle is in line with the results described by Gotoh et al. (2009) and Okumura et al. (2007) , who reported a greater variability of total lipid content in the LM than in the ST muscle.
The high MSD obtained for the external evaluation with cows could be because the data were obtained from cows of a dairy breed (Normand) fed different lipid supplements, which exhibited greater carcass fat percentages than the beef cows used for the model construction (Fig. 1) . Therefore, the model should be used within the range of carcass fatness of the data used to fit the equations in the current meta-analyses.
The model constructed for steers was fitted with data from Charolais steers whereas the external evaluation was performed with Charolais and Charolais × Salers steers, which might present a different relationship between i.m. lipids and carcass fatness. However, most of the variability in the external evaluation of the equations obtained for the steers was due to scatter, which suggests that the model adequately predicts the variation of total lipids and triglycerides with carcass fatness in steers.
Variation of Total Lipid, Phospholipid, and Triglyceride Contents in Muscle with Carcass Fatness
The equations fitted in this study highlight the contrasting trends of total lipids and triglycerides according to the muscle and sex considered. It gives an overview of the variations of i.m. lipids consistent with previous publications. It is well known that fat deposition accelerates during growth and development (Robelin, 1986b) . For instance, weights of various fat depots (subcutaneous, omental, and perirenal) increase continuously in growing cattle (Gotoh et al., 2009) and this is associated with an increase in the i.m. lipid content in LM, although this trend can vary considerably among breeds. Pethick et al. (2004) reported that i.m. lipid content increases linearly to a determined carcass weight, which depends on the animal's mature body size and genotype, and then reaches a plateau. They found that the increase in i.m. lipid content relative to total fat content in a fifth rib set remained constant despite substantial increases in total fat deposition. In the current study, there were positive linear relationships between i.m. lipid content (total lipids and triglycerides also) and carcass fatness, regardless of muscle or sex. Similarly, the proportional accumulation of i.m. lipid relative to all other fat depots (Johnson et al., 1972; Cianzio et al., 1982) or total fat (Scollan et al., 2003) does not change during postnatal growth. Robelin and Casteilla (1990) reported that total lipids in the muscle of French breeds increased from 1.5 to 6% whereas the percentage of fat in the body increased from 5 to 30%. However, the present database included data of growing animals (bulls and steers) or cows that were slaughtered at targeted carcass fatness, and this could explain why no plateau in i.m. lipid content was found. The positive relationships between i.m. lipid content and carcass fatness are consistent with those of Fiems et al. (2000) , who reported a positive correlation of i.m. lipid content in the LM and adipose tissue of non-double muscled bulls (r = 0.61, P < 0.001) and double-muscled bulls (r = 0.41, P < 0.01). Also, when they increased the fat range by pooling the data of both genotypes, the correlation was even stronger (r = 0.85, P < 0.001). A 5% increase in carcass fatness generally corresponds to a 1% increase in i.m. lipid content (Goutefongea and Dumond, as cited by Hocquette et al., 2010) . Deposition of i.m. lipids is usually negligible at the beginning of life, and there is a linear development thereafter before plateauing, which represents a maximum fat deposition capacity in the muscle at mature body size . The young age range of the males available in the database made it impossible to determine the weight or age at which the plateau could be reached.
In the current analyses, there were few moderate relationships between phospholipid content and carcass fatness (quadratic relationship in bulls and linear relationship in ST muscle of steers). Previous studies reported that the phospholipid content in the muscle is relatively independent of the total fat content in muscle or does not increase with time on feed similarly to the different fat depots, for example, i.m. and subcutaneous. fat (Duckett et al., 1993) . These findings were related to the structural function of phospholipids that are mainly (60-80%) present in the membrane component of bovine muscle cells. However, the growth of fatty tissues in cattle consists essentially of hypertrophy with a significant hyperplasia occurring during the fattening period (Robelin, 1981) , which can explain the variations of phospholipids with carcass fatness found in this study. Several studies have reported that steers have greater total lipids in muscle than bulls (Mandell et al., 1997; Purchas et al., 2002; Maher et al., 2004; Marti et al., 2011) , the difference at slaughter being between 10 and 45% (Robelin, 1986b) . This difference depends on the age or weight at slaughter. For example, Clemens et al. (1973) reported that steers and bulls had similar i.m. lipid content at 9 and 12 mo and steers had greater content at 15 and 18 mo but at 24 mo, bulls and steers again had similar content. However, when the rates of fat deposition in the i.m. depot are expressed in relation to the weight of total fat in the carcass side, total fat did not differ among bulls and steers (Fortin et al., 1981; Monteiro et al., 2006) , as in the current study. To our knowledge, the equations obtained for phospholipids and triglycerides for bulls and steers are the first ones dealing with the effect of sex.
In conclusion, parameters to model i.m. total lipid, phospholipids, and triglyceride deposition have been estimated in different muscles in bulls, steers, and cows. The models were accurate for phospholipids as they vary less widely, but total lipids were also correctly estimated in bulls and steers as carcass fatness was within the range used for the model evaluation. By contrast, the validation on cows was less accurate because the range of carcass fatness used for model fitting was different from that used for model evaluation and perhaps also because the cows were subjected to lipid supplementation in the experiment used for validation. This finding suggests that the present model established for cows should be used only for intermediate-or late-maturing breeds. Data should be sought for early maturing breeds and for high levels of carcass fatness to establish the appropriate model. Further data is also needed for thorough validation of the equations.
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